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 
Abstract— The transthoracic impedance cardiogram (ICG) 
and the acceleration ballistocardiogram (BCG) measured close 
to the center of mass of the human body are generated by 
changes of blood distribution. The transthoracic ICG is an 
integrated signal covering the whole thorax and spatial 
resolution is poor. Comparison between both signals can be 
used to elucidate the source of the ICG signal. We recorded the 
ECG, ICG, and BCG simultaneously in healthy subjects under 
resting and microgravity conditions during parabolic flights. 
The time interval between the R-peak of the ECG and the 
maximum of the ICG (R-dZ/dtmax) and the time interval 
between the R-peak of the ECG and the I-peak in the BCG (R-
I) differed significantly (p<0.0001). The I-peak in the BCG 
always occurred earlier during systole than dZ/dtmax. The 
delay of dZ/dtmax ranged between 23 and 28 ms at rest and 
was lowest under microgravity conditions (12±4 ms, p<0.02). 
Our results suggest that both signals have different sources. 
Combination of modern imaging techniques with classical non 
invasive approaches to detect changes of blood distribution   
may provide new insights into the complex interaction between 
blood flow and mechanocardiographic signals like the BCG.       
I. INTRODUCTION 
Thoracic impedance plethysmography is used in research 
and clinical settings to monitor ventilation, cardiac function 
or fluid shifts for more than 6 decades now.[1;1-3] Four or 
eight electrodes are usually placed on the thorax. A constant 
high frequency alternating current is transmitted to the body 
segment by the outer electrodes and the impedance (Z) 
between the inner electrodes is measured. Normal basal 
impedance (Z0) values range between 10 and 50 ohms. The 
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basal impedance increases with inspiration and decreases 
with expiration. The signal is superimposed by pulse-
synchronous changes with a decrease of about 0.1-0.2 ohms 
(Z) during the cardiac cycle.[2] Filtering the signal and 
calculating the first derivative over time provides the so 
called impedance cardiogram (ICG) in ohms per second. The 
shape of the ICG or dZ/dt signal resembles a triangular blood 
flow volume or blood flow velocity curve. Characteristic 
points of the ICG signal were used as references to identify 
heart sounds on the phonocardiogram with very high 
precision.[4] The opening and closing of the aortic valve, the 
preejection period (PEP), and the left ventricular ejection 
time (LVET) can be defined. Time intervals have been used 
to estimate left ventricular performance.[5] The amplitude of 
the signal in combination with the LVET are the main 
components of numerous equations to estimate stroke 
volume changes.[5-7] However, the physiological source of 
the maximum amplitude remains controversial and the 
acceptance of calculated absolute stroke volume values is 
rather low. Numerous factors influence the ICG like basal 
impedance, blood flow acceleration, blood flow velocity, and 
changes of the orientation of red blood cells.[1;5;6;8] There 
is evidence in the literature that the ascending aorta is the 
main source of the ICG.[9] Changes in blood distribution are 
also the source of the longitudinal ballistocardiogram 
(BCGy).[10] Recent studies suggest a close correlation 
between PEP measured with impedance cardiography and 
systolic BCG time intervals.[11] Bernstein D.P. suggested 
recently that the maximum of the ICG is related to blood 
flow acceleration and proposed a new stroke volume 
equation. The hypothesis was supported by the fact that the 
I-peak in the systolic H-I-J complex of the BCGy occurs at 
exact the same time.[6] We tested this hypothesis in healthy 
male subjects under gravity and microgravity conditions by 
comparing the time intervals between the R-peak in the ECG 
and the I-peak in the BCGy (R-I) with the time interval 
between the R-peak in the ECG and the maximum of the 
ICG (R-dZ/dtmax).         
II. PROTOCOLS AND EXPERIMENTAL PROCEDURES 
A. Resting measurements under gravity conditions 
We studied eleven healthy male subjects (age 38±3 years, 
BMI 24±1 kg/m²) during morning hours, after an overnight 
fast under supine resting conditions. Measurements were 
started after instrumentation of the subjects for continuous 
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electrocardiogram (ECG), impedance cardiogram (ICG), 
respiration, seismocardiogram (SCG), and 3-D BCG 
recording (modified Pneumocard device, sample rate 1000 
Hz). The BCG sensor was placed close to the center of mass  
Figure 1.  Original recording of ECG, IPG, ICG, triaxial BCG, SCG and 
respiration under resting conditions while supine. 
(CM). Baseline measurements (5 minutes) at spontaneous 
respiratory rate were recorded and analyzed. Fig. 1 illustrates 
a baseline recording. 
B. Measurements before and during parabolic flights 
Five healthy subjects (2 women, age 35±6 years, BMI 
23±2 kg/m²) were studied during a parabolic flight campaign 
(ESA57th). Subjects were instrumented as described above 
before the flight. Recordings were made before the flight in 
upright and supine positions. The subjects were also 
measured while free-floating during the ~20s of microgravity 
phases obtained during the parabolic maneuver of the A300-
ZéroG airplane of NOVESPACE.  
C. Ethical approval 
The protocols were reviewed and approved by the 
respective institutional ethical review boards, and informed 
consent of the subjects was obtained.  
III. METHODS 
A.  Impedance cardiography 
The eight electrode technique was used to record the 
ICG. Two spot electrodes were placed on both sides of the 
neck and two spot electrodes were placed at both mid-
axillary lines with the inner electrodes at the level of the 
processus xiphoideus. 
Figure 2.  Illustration of the characteristic peaks defined in the ECG, ICG 
and BCGy signals. The R-peak in the ECG (thick line) was used as 
reference point to measure the time intervals. dZ/dtmax (thin line) is the 
maximum of the first derivative over time of the transthoracic impedance 
plethysmogram (ICG). The I peak in the BCGy signal (dotted line) reflects 
the maximum acceleration of the body in response to the acceleration of 
blood in the ascending aorta followed by a deceleration phase (I-J).  
B. Peak detection and ensemble averaging for resting 
measurements under gravity conditions 
R waves of the ECG were automatically identified, 
visually inspected, and edited if required. Timings of the R 
waves were used as reference points to identify each cardiac 
cycle and to detect the maximum in the ICG and the 
characteristic H-, I-, and J-points in the BCG signals. For a 
more robust analysis the ECG, ICG and BCG from different 
heart-beats were superimposed and ensemble averaged. 
 
C. Peak detection and ensemble averaging for 
measurements during parabolic flights 
R waves of the ECG were automatically identified, 
visually inspected, and edited if required. Timings of the R 
waves were used as reference points to identify each cardiac 
cycle. For each cycle, the ECG, ICG and BCG data were 
superimposed and represented as function of a normalized 
time axis: the beginning of each cycle was set to 0 and the 
end to 1000. Normalized curves of the ECG, ICG and BCG 
from different heart-beats were then ensemble averaged to 
compute ECG, ICG, and BCG. This procedure allowed 
ensemble averaging in the presence of the normal heart rate 
variability. For statistical analysis the time intervals were 
multiplied by the mean R-R interval. 
Figure 3.  Example of ensemble averaged analysis of 71 heart beats 
obtained during repeated microgravity phases while free floating in one 
subject. The black lines indicate the characteristic I and J peaks in the 
BCGy signal in relation to the maximum of the ICG signal.  
D. Statistics 
 Results are presented as mean values plus/minus the 
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standard error of mean. For comparison between the time 
intervals the paired t-test was used. Differences were 
considered significant at p<0.05. 
IV. RESULTS 
A. Resting measurements under gravity conditions 
Mean heart rate (HR) was 62±2 beats per minute. The 
mean time interval between the R-peak of the ECG and the 
maximum of the ICG (R-dZ/dtmax) was 132±4 ms. The 
mean time interval between the R-peak of the ECG and the I-
point in the BCGy signal (R-I) was 104±6 ms. The mean 
value of the individual differences between the two time 
intervals was 28±3 ms (p<0.0001).  
B. Measurements during parabolic flights 
Mean heart rate was higher during these measurements 
(HR supine: 82±5; standing: 98±9, microgravity:  82±9 beats 
per minute). The supine mean values for the R-dZ/dtmax 
time intervals were 95±10 ms, 95±11 ms during standing, 
and 91±14 ms during the microgravity phases while free 
floating. The supine mean values for the R-I time intervals 
were 72±7 ms, 69±9 ms during standing, and 79±14 ms 
during the microgravity phases while free floating. The R-I 
intervals were significantly shorter compared to the R-
dZ/dtmax intervals (supine: 23±4 ms, p<0.009; standing: 
26±5 ms, p<0.006; microgravity: 12±4 ms, p<0.02). 
V. DISCUSSION 
The major finding of our study was that the R-I time 
interval measured in the BCGy (foot-to-head axis) was 
always shorter compared to the R-dZ/dtmax time interval. 
The difference was rather small but consistent. The shorter 
time intervals during the microgravity study (supine and 
standing) may be explained at least in part by the higher HR. 
The occurrence of the dZ/dtmax at about 95 to 132 ms in 
our study is in accordance with state of the art imaging 
techniques to detect maximum blood flow velocity and 
maximum blood volume flow in the ascending aorta. 
Doppler ultrasound studies in healthy subjects showed a time 
to peak flow velocity in the ascending aorta of 98 ms.[12] 
Magnetic resonance imaging techniques allow for high 
precision triaxial blood velocity and volume flow 
measurements in the large arteries perpendicular to the flow 
direction but with rather low temporal resolution 
(MRI).[13;14] The mean values of acceleration time in the 
ascending aorta defined with MRI ranged between 110 and 
119 ms.[13]  Several studies during parabolic flights[15;16] 
and during space flight[17] evaluated systolic time intervals 
using echocardiography and ICG. However, data combining 
ICG and BCG are lacking. The studies provide information 
about the pre ejection period (PEP) and left ventricular 
ejection time (LVET). Migeotte et al.[15] and Johns et 
al.[16] showed an increase in LVET during the early zero g 
phase in parabolic flights and a shortening of PEP. LVET 
was also found prolonged during short term space flight.[17] 
We did not detect dramatic changes of the time to peak 
acceleration or time to peak volume flow during the zero g 
phase of parabolic flights compared to preflight values.     
Based on Newtons law of the conservation of momentum 
the I peak of the BCGy reflects the maximum acceleration of 
the body in response to the maximum acceleration of blood 
in the ascending aorta and is a measure of cardiac 
mechanical force.[18] Our results contradict the hypothesis 
that the maximum of the ICG is related to the acceleration of 
aortic blood flow. Experimental studies clearly demonstrated 
that the source of the ICG is volume blood flow in the 
ascending aorta.[5;9] Systolic time intervals and there 
relationship were proposed as a measure of contractility 
using both the BCG[11] and the ICG[19]. The peak 
acceleration measured in relation to the later occurring peak 
volume flow could provide important information about the 
relationship between the mechanical force generated by the 
heart and the resulting volume flow in the ascending aorta. 
We speculate that a change in aortic compliance or stiffness 
could influence this time delay. Data from short term space 
flight in terms of reduced heart rate, reduced diastolic blood 
pressure,[20] and increased cardiac output[21] indicate that 
the cardiovascular system is under less stress than expected. 
In contrast, an increase in sympathetic nervous activity[22] 
and a decrease in arterial compliance has been 
described[23].       
The assessment of cardiac force and volume blood flow by 
BCG and ICG respectively has several limitations. 
Placement of the BCG sensor close to the center of mass 
may result in an additional time delay of the H-I-J 
component due to the distance between the heart as the 
generating force and the sensor. The 8 electrodes ICG 
technique covers the complete thorax and detects blood 
distribution changes in the large veins, large arteries, cardiac 
chambers, and in the lung. The detection of blood volume 
changes by the impedance recording system depends mainly 
how the blood vessel is oriented in respect to the generated 
current lines.[1] Hence, the use of different electrode 
techniques and electrode placement may result in the 
detection of different vessels, in a different shape of the ICG 
and in different  time intervals.[1]  
Triaxial blood flow velocity MRI studies have shown a 
helical flow in the ascending aorta with a highly skewed 
distribution. Flow patterns in the aorta were found highly 
variable between subjects and depend on arch curvature. 
Blood with low momentum showed retrograde flow along 
the inner wall of the aortic arch late during systole.[24] 
These findings indicate that the heart and the vessels are 
adjusted to eject blood without producing a strong ballistic 
force. Structural changes of the heart and the large vessels 
together with changes in the mechanical axis during long 
term space flight may disturb this system adjusted for gravity 
conditions on earth.  Studies combining imaging techniques 
with ICG and 3D-BCG may help to further improve existing 
physiological models to characterize the individual 
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readjustment to zero g conditions. Assessment of the BCG 
and ICG signals during long term weightlessness can be a 
cheap, easy to use and valuable monitoring tool to assess the 
adaptational process. 
ACKNOWLEDGMENT 
We thank the participants of the study for the effort and 
the time they spend to support our research. We are 
especially grateful to the staff members of NOVESPACE for 
the perfect management of the parabolic flights.  
 
 
References 
 
[1]  B. C. Penney, "Theory and cardiac applications of electrical impedance 
measurements," Crit Rev. Biomed. Eng, vol. 13, no. 3, pp. 227-281, 
1986. 
[2]  W. G. Kubicek, R. P. Patterson, and D. A. Witsoe, "Impedance 
cardiography as a noninvasive method of monitoring cardiac function 
and other parameters of the cardiovascular system," Ann. NY Acad. Sc., 
pp. 724-732, 1970. 
[3]  J. Nyboer, "Non-invasive sensing of cardiac, vascular and pulmonary 
volume dynamics," Bibl. Cardiol., vol. 0, no. 31, pp. 42-51, 1973. 
[4]  Z. Lababidi, D. A. Ehmke, R. E. Durnin, P. E. Leaverton, and R. M. 
Lauer, "The first derivative thoracic impedance cardiogram," 
Circulation, vol. 41, no. 4, pp. 651-658, Apr.1970. 
[5]  A. Sherwood, M. T. Allen, J. Fahrenberg, R. M. Kelsey, W. R. Lovallo, 
and L. J. van Doornen, "Methodological guidelines for impedance 
cardiography," Psychophysiology, vol. 27, no. 1, pp. 1-23, Jan.1990. 
[6]  D. P. Bernstein, "Impedance cardiography: Pulsatile blood flow and the 
biophysical and electrodynamic basis for the stroke volume equations," 
J Electr Bioimp, vol. 1, pp. 2-17, 2010. 
[7]  D. P. Bernstein and H. J. Lemmens, "Stroke volume equation for 
impedance cardiography," Med. Biol. Eng Comput., vol. 43, no. 4, pp. 
443-450, July2005. 
[8]  L. Djordjevich and M. S. Sadove, "Experimental study of the 
relationship between the base impedance and its time derivative in 
impedance plethysmography," Med. Phys., vol. 8, no. 1, pp. 76-78, 
Jan.1981. 
[9]  W. G. Kubicek, "On the source of peak first time derivative (dZ/dt) 
during impedance cardiography," Ann. Biomed. Eng, vol. 17, no. 5, pp. 
459-462, 1989. 
[10]  A. Noordergraaf and C. E. Heynekamp, "Genesis of displacement of 
the human longitudinal ballistocardiogram from the changing blood 
distribution," Am. J Cardiol., vol. 2, no. 6, pp. 748-756, Dec.1958. 
[11]  M. Etemadi, O. T. Inan, L. Giovangrandi, and G. T. Kovacs, "Rapid 
assessment of cardiac contractility on a home bathroom scale," IEEE 
Trans. Inf. Technol. Biomed., vol. 15, no. 6, pp. 864-869, Nov.2011. 
[12]  J. M. Gardin, C. S. Burn, W. J. Childs, and W. L. Henry, "Evaluation 
of blood flow velocity in the ascending aorta and main pulmonary 
artery of normal subjects by Doppler echocardiography," Am Heart J, 
vol. 107, no. 2, pp. 310-319, Feb.1984. 
[13]  S. Ley, C. Fink, M. Puderbach, J. Zaporozhan, C. Plathow, M. 
Eichinger, W. Hosch, K. F. Kreitner, and H. U. Kauczor, "MRI 
Measurement of the hemodynamics of the pulmonary and systemic 
arterial circulation: influence of breathing maneuvers," AJR Am J 
Roentgenol., vol. 187, no. 2, pp. 439-444, Aug.2006. 
[14]  C. D. Lew, M. T. Alley, R. Bammer, D. M. Spielman, and F. P. 
Chan, "Peak velocity and flow quantification validation for sensitivity-
encoded phase-contrast MR imaging," Acad. Radiol., vol. 14, no. 3, 
pp. 258-269, Mar.2007. 
[15]  P. F. Migeotte, T. Dominique, and R. C. Sa, "Dynamics of blood 
pressure, pulse wave transit time and systolic timei intervals during 
acute gravity changes induced by parabolic flight," J Gravit. Physiol, 
vol. 9, no. 1, pp. 77-78, July2002. 
[16]  J. P. Johns, M. N. Vernalis, J. M. Karemaker, and R. D. Latham, 
"Doppler evaluation of cardiac filling and ejection properties in 
humans during parabolic flight," J Appl. Physiol, vol. 76, no. 6, pp. 
2621-2626, June1994. 
[17]  R. M. Di, P. Castiglioni, F. Iellamo, M. Volterrani, M. Pagani, G. 
Mancia, J. M. Karemaker, and G. Parati, "Dynamic adaptation of 
cardiac baroreflex sensitivity to prolonged exposure to microgravity: 
data from a 16-day spaceflight," J Appl. Physiol, vol. 105, no. 5, pp. 
1569-1575, Nov.2008. 
[18]  W. S. Seitz and M. B. McIlroy, "Interpretation of the HJ interval of 
the normal ballistocardiogram based on the principle of conservation of 
momentum and aortic ultrasonic Doppler velocity measurements 
during left ventricular ejection," Cardiovasc. Res., vol. 22, no. 8, pp. 
571-574, Aug.1988. 
[19]  B. C. Penney, N. A. Patwardhan, and H. B. Wheeler, "Simplified 
electrode array for impedance cardiography," Med. Biol. Eng Comput., 
vol. 23, no. 1, pp. 1-7, Jan.1985. 
[20]  J. M. Fritsch-Yelle, J. B. Charles, M. M. Jones, and M. L. Wood, 
"Microgravity decreases heart rate and arterial pressure in humans," J 
Appl. Physiol, vol. 80, no. 3, pp. 910-914, Mar.1996. 
[21]  P. Norsk, M. Damgaard, L. Petersen, M. Gybel, B. Pump, A. 
Gabrielsen, and N. J. Christensen, "Vasorelaxation in space," 
Hypertension, vol. 47, no. 1, pp. 69-73, Jan.2006. 
[22]  P. Norsk and N. J. Christensen, "The paradox of systemic 
vasodilatation and sympathetic nervous stimulation in space," Respir. 
Physiol Neurobiol., vol. 169 Suppl 1, p. S26-S29, Oct.2009. 
[23]  E. C. Tuday, J. V. Meck, D. Nyhan, A. A. Shoukas, and D. E. 
Berkowitz, "Microgravity-induced changes in aortic stiffness and their 
role in orthostatic intolerance," J Appl. Physiol, vol. 102, no. 3, pp. 
853-858, Mar.2007. 
[24]  P. J. Kilner, G. Z. Yang, R. H. Mohiaddin, D. N. Firmin, and D. B. 
Longmore, "Helical and retrograde secondary flow patterns in the 
aortic arch studied by three-directional magnetic resonance velocity 
mapping," Circulation, vol. 88, no. 5 Pt 1, pp. 2235-2247, Nov.1993. 
 
 
7297
